1. Introduction {#sec1-materials-11-01957}
===============

Diffusion welding is a method which realizes the coalescence of surfaces of two parts by means atom diffusion in the condition of a certain temperature and a certain vertical pressure. This welding method has been widely applied in the fields of aviation, aerospace, instruments and electronics because it results in compatible chemical components and perfect properties at the joints \[[@B1-materials-11-01957],[@B2-materials-11-01957]\]. So far, numerous theoretical and experimental investigations have been performed on the diffusion welding \[[@B3-materials-11-01957],[@B4-materials-11-01957],[@B5-materials-11-01957],[@B6-materials-11-01957],[@B7-materials-11-01957],[@B8-materials-11-01957]\]. However, much of these studies focused on the microstructures and properties of the joints, and little literatures related to the diffusion mechanisms and behaviors of the interface have been found because the atomic diffusion during the welding is difficult to be observed by means of conventional methods.

Molecular dynamics (MD) simulation provides a powerful method to study the material behaviors at atomistic scale \[[@B9-materials-11-01957],[@B10-materials-11-01957],[@B11-materials-11-01957],[@B12-materials-11-01957]\]. In recent years, MD simulation has been widely applied to investigate the behaviors and mechanisms of atom diffusion at atomistic scale. Evteev et al. investigated diffusion behavior of Ni vacancies and Ni antisite defects in B2-NiAl \[[@B13-materials-11-01957]\]. Lu et al. investigated the diffusion behaviors of hydrogen atoms in body-centered cubic (BCC) Fe containing point defects \[[@B14-materials-11-01957]\]. Bai et al. investigated the diffusion behaviors of the interface between the tool and the chip during machining titanium alloy \[[@B15-materials-11-01957]\]. Song et al. studied the atomic diffusion behaviors in linear friction welding between Ti and Ti--Al alloy \[[@B16-materials-11-01957]\]. Luo et al. investigated the diffusion phenomenon at Mo--Ti interface, and they found that the temperature plays a key role in the course of interface diffusion \[[@B17-materials-11-01957]\].

However, all of the aforementioned literature focused on the atom diffusion which occurs at the interface between two materials containing one or two elements. In fact, the practical joints are often composed of alloys which possess several elements. Consequently, the diffusion in these interfaces becomes more complicated. So far, no literature related to the diffusion among three elements has been found. In particular, no literature concerning the MD simulation of diffusion welding between multi-component alloy and pure metal have been found. The present study aims to investigate the behaviors and mechanisms of diffusion welding between 304 stainless steel (304 SS) and pure Ni based on MD simulation, where the 304 SS is composed of 74% Fe, 18% Cr and 8% Ni (wt.%).

2. Modeling and Method {#sec2-materials-11-01957}
======================

The MD simulation was conducted via LAMMPS package developed by Plimpton \[[@B18-materials-11-01957]\]. Interatomic potential plays a crucial role in a multi-component alloy and it has a significant influence on the results of MD simulations. In the present study, the embedded atom method (EAM) potential developed by Bonny et al. \[[@B19-materials-11-01957]\] was adopted to describe the interactions among atoms of 304 SS. The potential was established for face-centered cubic (FCC) FeNiCr alloy, where the total energy can be expressed as $$E = \frac{1}{2}{\sum\limits_{\begin{array}{l}
{i,j = 1} \\
{i \neq j} \\
\end{array}}^{N}{V_{t_{i}t_{j}}(r_{ij}) + {\sum\limits_{i = 1}^{N}{F_{t_{i}}(\rho_{i})}}}}\ $$ where $V$ is the pair interaction, and $F$ is the embedding energy, which is dependent on the local electron density $\rho$. The latter term of Equation (1) is similar to the many-body contribution provided by all neighbouring atoms. In Equation (1), $N$ denotes the total number of atoms in the system, $r_{ij}$ represents the distance between atoms *i* and *j*, and $t_{i}$ is chemical species (Fe, Ni or Cr in the present case). The local electron density $\rho_{i}$, which is contributed by the neighbors around atom *i*, is able to be obtained by $$\rho_{i} = {\sum\limits_{\begin{array}{l}
{j = 1} \\
{j \neq i} \\
\end{array}}^{N}{\phi_{t_{j}}(r_{ij})}}\ $$ where $\phi$ is the electron density function of the considered element.

As the potential of a multi-component alloy can be used for a binary alloy or a pure phase, the above potential was also suitable to describe the interactions among atoms of pure Ni in the present study so that the diffusion laws of Ni atoms in pure Ni are in accordance with the ones in 304 SS.

Previous experiments have demonstrated that the roughness of contact surfaces has a significant influence on the bonding process of diffusion welding \[[@B20-materials-11-01957],[@B21-materials-11-01957],[@B22-materials-11-01957],[@B23-materials-11-01957]\]. However, these studies have not been undertaken in a case that the same roughness is set on the opposite materials alternately. In the present study, two MD simulation models for the diffusion welding were prepared so as to study the influence of roughness, as illustrated in [Figure 1](#materials-11-01957-f001){ref-type="fig"}. Both the models have the size of 10.496 × 10.496 × 10.496 nm and they are both composed of two parts, where the left half is the 304 SS with the composition of 74% Fe, 18% Cr and 8% Ni (wt.%), and the right half is pure Ni. In the case of model Ι, three half cylindrical grooves with the radius of 0.5 nm were set on the interface surface of the pure Ni. In the case of model ΙΙ, three half cylindrical grooves with the same size were set on the interface surface of 304 SS. The distance between the centers of two nearest grooves was set as 2.624 nm in both models and the centers of these grooves were set at the interface, where the middle one is located in the half height of the models. Both the 304 SS and the pure Ni possess the FCC structure, and their lattice constants are 0.35 nm and 0.352 nm, respectively. In the simulation models, the \[100\], \[010\] and \[001\] directions of the both halves were parallel to the x, y and z directions of Cartesian coordinate system, respectively. The structure of 304 SS was established such that perfect FCC Fe atoms was firstly filled in the left half of the box, and subsequently Cr atoms with the fraction of 18% (wt.%) and Ni atoms with the fraction of 8% (wt.%) were filled in the box by substituting the Fe atoms randomly. These Cr and Ni atoms were located in the positions where the Fe atoms had been laid. The substituted Fe atoms were selected randomly rather than being selected in definite positions. As a consequence, the generated structure type remained unchanged, but it was transformed from a pure metal into an alloy. [Figure 2](#materials-11-01957-f002){ref-type="fig"} illustrates the comparison of radial distribution function (RDF) between the pure Fe and 304 SS. It can be seen that the two metals still present the same structure type except that the width or height of some peaks is slightly altered after the alloying. This difference is attributed to the fact that the substitution of Ni and Cr atoms induces the lattice distortion of Fe matrix due to the size difference among the three elements.

During the simulation, periodic boundaries were set in all the three directions. Before the models were subjected to any load, relaxations at 0.01 K were performed on them based on conjugate gradient method so that the energy of these systems could be minimized. Subsequently, the models were heated from 0.01 K to the considered temperatures in 10 ps and then they were held at the temperature for 200 ps. During the heating and holding time, a definite vertical pressure was applied on the models in *y* direction. In order to investigate the influences of temperature and vertical pressure on the diffusion behaviors of interface during diffusion welding, three temperatures (1000, 1200 and 1400 K) and three vertical pressures (0.5, 5 and 50 MPa) were considered in the present study.

In order to provide the information for diffusion behaviors of atoms during diffusion welding, the calculation of mean square displacement (MSD) was conducted in the current investigation. According to the definition, MSD can be expressed as \[[@B16-materials-11-01957]\] $$r^{2}\left( t \right) = \frac{1}{N}\left\{ {\sum\limits_{i = 1}^{N}\left| {{\overset{\rightarrow}{r}}_{i}\left( t \right) - {\overset{\rightarrow}{r}}_{i}\left( 0 \right)} \right|^{2}} \right\}\ $$ where *N* is the total number of atoms in the system, and ${\overset{\rightarrow}{r}}_{i}\left( t \right)$ denotes the position of atom *i* at time *t*.

3. Results and Discussion {#sec3-materials-11-01957}
=========================

Diffusion in solids is a cooperative process. The migration of an impurity within a lattice formed by other atoms can introduce elastic stresses in the system, which increases the overall free energy of the system and reduces the further diffusion of the impurity. This effect should be quite small in the current systems because the lattice constants of Ni and 304 SS are pretty similar, where the constants of them are 0.350 and 0.352 nm, respectively. As a consequence, the influence of the aforementioned elastic stresses on the diffusion is neglected in the present study.

[Figure 3](#materials-11-01957-f003){ref-type="fig"} illustrates the evolution of diffusion configurations subjected to the vertical pressure of 50 MPa at 1200 K, where only atoms near the interface are shown so as to present the diffusion behaviors clearly. It can be seen from [Figure 3](#materials-11-01957-f003){ref-type="fig"} that surface roughness has a significant influence on the diffusion behaviors of atoms during diffusion welding between two different materials. In the case of model Ι, the atoms in 304 SS gradually diffuse into the grooves in the pure Ni and finally the grooves are filled by these atoms. Meanwhile, the interface becomes uneven due to the diffusion. In the case of model ΙΙ, the grooves in 304 SS are mainly filled by the atoms in itself, which indicates that the atoms in pure Ni are difficult to diffuse into the 304 SS side during the diffusion welding. It can also be seen from [Figure 3](#materials-11-01957-f003){ref-type="fig"} that in the course of heating (prior to 10 ps), the interfaces of both the models are very uneven, as shown in the yellow dash lines of insets at 10 ps. This is due to the fact that the atoms near the grooves are mainly used to fill the grooves and atoms being far away from the grooves do not have enough time to diffuse to the regions lacking atoms. With the proceeding of temperature holding, the atoms being far away from the interface gradually diffuse toward the interface so as to maintain the balance between the two phases. According to the evolution of diffusion configurations of the two models, it can be concluded that the atoms in 304 SS are more active and they are more likely to diffuse during the diffusion welding between 304 SS and pure Ni. Consequently, in order to realize stronger connection between 304 SS and Ni, it is suggested that the rough surface should be set on the pure Ni rather than the 304 SS during the diffusion welding between them.

[Figure 4](#materials-11-01957-f004){ref-type="fig"} illustrates the concentration profile of Fe, Ni and Cr elements along the vertical direction of interfaces at the temperature of 1200 K and the vertical pressure of 50 MPa. It can be found that in the transition layer, where concentrations vary considerably around the interface, the thickness of the Ni-rich phase is larger than that of the Fe-rich phase. This phenomenon indicates that more atoms of 304 SS diffuse into the Ni side and less Ni atoms diffuse into the 304 SS side. In other words, Fe and Cr atoms are more likely to diffuse. Comparing the concentration profiles of the two models, it can be seen that the transition layer of model ΙΙ is much thinner than that of model Ι. This is attributed to the fact that self-diffusion is dominant on the 304 SS side of model ΙΙ. The self-diffusion results from two conditions, where the first one is that the grooves on the 304 SS side provide spaces, and the second one is that Fe and Cr atoms diffuse more easily than Ni atoms, as has been demonstrated in [Figure 3](#materials-11-01957-f003){ref-type="fig"}b. As a consequence, the roughness extent on the surfaces of different materials has a significant influence on the thickness of transition layer of diffusion welding.

In order to investigate the diffusion ability of each element during the current diffusion welding, MSD results of Fe, Ni and Cr elements in the two models are obtained, as shown in [Figure 5](#materials-11-01957-f005){ref-type="fig"}. It can be seen that during the heating stage (prior to 10 ps), the MSD values of all the three elements increase sharply. However, during the holding stage (after 10 ps), these values drop down greatly at first and then vary very little during the remaining time. This phenomenon indicates that the heat is the driving force of atom diffusion and the diffusion is limited at a definite temperature. The decrease of diffusion ability at the later stage is due to the fact that the diffusion coefficient in the bulk material is less than the one on the surface. The initial fast diffusion mainly results from the surface atoms. When the surface atoms almost filled up the gap between the two sides and the grooves on the surface, they become one bulk material and the diffusion ability of the atoms in it is reduced. It can also be seen that additional second peaks exist in MSD curves of Fe and Cr elements in the two models. However, these second peaks occur at different times in the two models. These second peaks may be induced by the local creep deformation near the interface when the grooves are nearly filled up with the atoms near the grooves. At this moment, there exist vacancy defects in these regions due to the decrease of atom density. Under the combined action of external pressure and high temperature, creep deformation is easily induced in these regions. Meanwhile, the local creep deformation near the interface results in rigid movement of atoms far away from the interface. As a consequence, the MSD increases in a short time, which leads to the second peaks. The second peaks occur at different times in the two models due to the fact that the grooves in the model ΙΙ are filled up prior to those in the model Ι. The aforementioned results are consistent with Derby's theoretical model \[[@B24-materials-11-01957],[@B25-materials-11-01957]\], where power-law creep deformation occurs in the bridge of the interface after a period of surface diffusion. In addition, it can also be found from [Figure 5](#materials-11-01957-f005){ref-type="fig"} that the MSD values of Fe and Cr elements are both much larger than that of the Ni element, which further demonstrates the above conclusion that Fe and Cr elements diffuse more easily than the Ni element.

For the purpose of studying the influence of temperature and vertical pressure on the diffusion behaviors during diffusion welding between 304 SS and pure Ni, only model Ι was considered in the following sections.

[Figure 6](#materials-11-01957-f006){ref-type="fig"} illustrates the influence of temperature on the diffusion configuration of model Ι subjected to the vertical pressure of 50 MPa. It can be noted that the temperature plays an important role in the interface diffusion of diffusion welding. With the increase of temperature, more and more atoms on the 304 SS side diffuse into the Ni matrix and the diffusion distances of Fe and Cr elements increase. In addition, a small amount of Ni atoms on the Ni side diffuse into 304 SS side as well, as shown in [Figure 6](#materials-11-01957-f006){ref-type="fig"}c. It can be also seen from [Figure 6](#materials-11-01957-f006){ref-type="fig"}c that the diffusion distances of Fe and Cr atoms are larger than those of Ni atoms. The aforementioned phenomena are attributed to the fact that the melting points of Fe and Cr (1811 and 1930 K, respectively) are both higher than that of Ni (1726 K), which indicates that both the bonds between Fe atoms and the ones between Cr atoms are stronger than those between Ni atoms. As the fraction of Fe and Cr elements is dominant in the 304 SS, the melting point of 304 SS is influenced little by the Ni element and hence it is higher than that of pure Ni. Consequently, the defects such as vacancies are induced more easily in the Ni matrix. Furthermore, the diffusion ability of Fe and Cr atoms is much higher than that of Ni atoms. In addition, grooves exist on the surface of Ni. As a result, the diffusion from 304 SS to pure Ni is dominant in the current investigation. It is well known that the diffusion coefficients for metallic self-diffusion or for diffusion between two dissimilar metals vary with temperature according to the Arrhenius type equation \[[@B26-materials-11-01957]\] $$D = D_{0}\exp\left( {- \frac{Q}{RT}} \right)\ $$ where *D*~0~ and *Q* are temperature independent constants, *R* the universal gas constant (8.314 J·mol^−1^·K^−1^), and *T* is the absolute temperature.

Based on Equation (4), it can be seen that the diffusion between 304 SS and pure Ni increases with increasing temperature. As a consequence, the results in [Figure 6](#materials-11-01957-f006){ref-type="fig"} follow the Arrhenius type equation and the 304 SS-Ni system present higher diffusion ability at elevated temperatures.

[Figure 7](#materials-11-01957-f007){ref-type="fig"} illustrates the influence of temperature on the MSD results of Fe, Ni and Cr elements in Model Ι subjected to the vertical pressure of 50 MPa. It can be seen that in general, the MSD values of all the three elements increase with increasing temperature, which demonstrates the above conclusion that the diffusion ability of two dissimilar metals increases with increasing temperature. Comparing the MSD values of Fe, Ni and Cr elements, it can be noted that the MSD values of Fe and Cr elements are much higher than those of the Ni element, which is also in accordance with the above interpretation that the diffusion distances of Ni atoms are smaller than those of Fe and Cr atoms.

[Figure 8](#materials-11-01957-f008){ref-type="fig"} and [Figure 9](#materials-11-01957-f009){ref-type="fig"} illustrate the influence of vertical pressure on the diffusion configuration and the MSD results of Fe, Ni and Cr elements in model Ι at 1200 K, respectively. It can be seen from the two figures that the vertical pressure has a very weak influence on the diffusion behaviors of the interface. As shown in [Figure 9](#materials-11-01957-f009){ref-type="fig"}, during a period of the diffusion welding, the MSD values of the three elements in the condition of 50 MPa are even lower than the ones in the conditions of lower vertical pressures, which indicate that the vertical pressure does not always have a positive influence on the diffusion acceleration of 304 SS-Ni system. Li et al. \[[@B27-materials-11-01957]\] found that the pressure can not only promote the void shrinkage in the interface region, but also facilitate the atomic diffusion across the bond line during their investigation on diffusion bonding of Ti-33Al-3V/TC17. However, in the present study, only the former phenomenon (groove shrinkage) is observed, while the latter case (atomic diffusion across the bond line) is not found. Indeed, the crucial role of the vertical pressure during diffusion welding lies in its ability of increasing the contact area via deforming the asperities or grooves at the interface, which provides more opportunities for diffusion between the two materials \[[@B23-materials-11-01957]\]. For a given contact area, the diffusion ability is mainly determined by the temperature and duration time. In addition, the applied pressure usually reduces the mobility of atoms within a lattice. Under the combination of positive and negative effects of the pressure, the vertical pressure has little influence on diffusion ability of the same model. The above conclusion can be demonstrated by [Figure 9](#materials-11-01957-f009){ref-type="fig"}, where the values of the MSD curves under the three pressures are very close compared with those in [Figure 7](#materials-11-01957-f007){ref-type="fig"}. As a consequence, it can be concluded that the pressure effect is smaller than temperature effect during diffusion welding between 304 SS and pure Ni.

4. Conclusions {#sec4-materials-11-01957}
==============

\(1\) The roughness has a significant influence on the diffusion behaviors of atoms during diffusion welding between two different materials. During the diffusion welding between 304 SS and pure Ni, the atoms in 304 SS are more active and more likely to diffuse. As a consequence, in order to realize stronger connection between 304 SS and Ni, it is suggested that the rough surface should be set on the pure Ni rather than the 304 SS during the diffusion welding between them.

\(2\) Temperature plays an important role in the interface diffusion during diffusion welding between 304 SS and pure Ni. With the increase of temperature, the number of atoms diffusing to the opposite side increases and the diffusion distances increase as well. This is attributed to the fact that more defects such as vacancies are induced, which provides more opportunities for the atoms to diffuse into the opposite sides. As a consequence, the diffusion welding should be performed at an elevated temperature in the suitable temperature range.

\(3\) The influence of vertical pressure on the diffusion bonding between the two materials includes two aspects. One is to increase the contact area via deforming the asperities or grooves at the interface, which provides more opportunities for the diffusion between the two materials. The other is to reduce the mobility of atoms within a lattice. As a consequence, the pressure effect is smaller than the temperature effect during diffusion welding between 304 SS and pure Ni.
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![Molecular dynamics (MD) simulation models for the diffusion welding: (**a**) Model Ι; (**b**) Model ΙΙ. (In the models, Fe atoms are presented by green color, Ni atoms are denoted by red color and Cr atoms are exhibited by blue color).](materials-11-01957-g001){#materials-11-01957-f001}
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Concentration profiles of Fe, Ni and Cr elements along the vertical direction of interfaces at the temperature of 1200 K and the vertical pressure of 50 MPa: (**a**) Model Ι at 0 ps; (**b**) Model Ι at 210 ps; (**c**) Model ΙΙ at 0 ps; (**d**) Model ΙΙ at 210 ps.
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